When nonpredictive exogenous visual cues are used to reflexively orient covert visual spatial attention, the initial early facilitation for detecting stimuli at cued versus uncued spatial locations develops into inhibition by 300 msec following the cue, a pattern referred to as inhibition of return (IOR). Experiments were carried out comparing the magnitude and time course for development of IOR effects when manual versus saccadic responses were required. The results showed that both manual and saccadic responses result in equivalent amounts of facilitation following initial exposure to a spatial cue. However, IOR developed more quickly for saccadic responses, such that, at certain cue-target SOAs, saccadic responses to targets were inhibited, whereas manual responses were still facilitated. The findings are interpreted in terms of a premotor theory of visual attention.
Inhibition of return (IOR) was first reported by Cohen (1980, 1984; see Klein, 2000 , for a recent review). The most commonly accepted explanation for IOR is that some mechanism prevents spatial attention from returning to recently sampled positions, thus increasing the efficiency of visual search in complex environments (e.g., Abrams & Dobkin, 1994; Posner & Cohen, 1984; Pratt, Kingstone, & Khoe, 1997; Rafal, Calabresi, Brennan, & Sciolto, 1989; Rafal, Egly, & Rhodes, 1994) . It is as yet unclear, however, how best to characterize the nature of the spatial attention system underlying this effect.
According to a frequently proposed mechanism for IOR (that we will refer to as the standard model of IOR), spatial attention operates via some sort of a map or representation of visual space. Stimuli are selected for further processing by reference to this spatial map. Presumably, spatial attention somehow enhances entry of information into higher level processes that determine what responses are to be made to stimuli. The poorer processing of stimuli observed in IOR occurs because attention cannot easily be allocated to previously selected locations. If stimuli occur at these particular locations, higher level processes will have inhibited access to information concerning them. An implicit (and perhaps explicit) assumption of this approach is that what is to be done with the stimulus (i.e., the response required) has no bearing on spatial cuing and IOR effects. Both spatial cuing and IOR are primarily or wholly related to input or stimulus selection processes.
A central aspect of this approach is that the neural system (or systems) underlying spatial attention are both functionally and structurally separate from the system (or systems) underlying data processing. IOR is assumed to be associated with an inhibition in the operation of the attention process itself (e.g., Klein, 1988; Posner, Rafal, Choate, & Vaughan, 1985) . This general viewpoint holds even in studies that have examined other aspects of IOR, including whether it can be obtained in auditory covert orienting (Mondor, Breau, & Milliken, 1998) and whether IOR can be object-based as well as location-based (Abrams & Dobkin, 1994; Gibson & Egeth 1994; Jordan & Tipper, 1998; Tipper, Driver, & Weaver, 1991; Tipper, Jordan, & Weaver, 1999; Tipper, Weaver, Jerreat, & Burak, 1994) .
Despite the prominence of this approach in the literature, an alternative explanation has persisted, which assumes instead that IOR is associated with stimulus and response processes (Klein & Taylor, 1994; Rizzolatti, Riggio, Dascola, & Umiltà, 1987) . Much of the impetus for this view of spatial attention and IOR comes from the fact that many studies have found a close relationship between spatial attention and saccadic eye movements 1 (Kustov & Robinson, 1996; Rafal et al., 1989; Shepard, Findlay, & Hockey, 1986 ; see also Sereno, 1996) .
The most prominent single model subscribing to this view is "premotor theory." The core assumption of this approach is that the system that controls action is the same as what we call spatial attention (Rizzolatti, Riggio, & Sheliga, 1994) . More precisely, the claim of premotor theory is that the physiological maps used to represent visual space not only code the locations of objects but are also involved in motor programming. What we call "spatial attention" is the consequence of the activity in spatial maps and is related both to sensory processing and to motor preparation. In short, we attend to spatial locations to which we are preparing to make some type of response (e.g., saccade or reaching movement). The act of attending to a spatial location is nothing more or less than the act of preparing to make some type of response to that location. Rizzolatti et al. (1994) summarize the evidence in favor of such an approach. First, there is no known single spatial map on which a separable attention system could operate. Rather, there appear to be a number of frontal and parietal areas that code space. Second, these different cortical areas do not code space per se but instead appear to code properties of space relevant for specific types of actions. For example, neurons in a circuit involving the lateral intraparietal area (LIP) and the frontal eye fields (FEF) code space retinotopically, firing when a saccade is being prepared to their receptive field. However, neurons in a parietal (area 7b)-premotor (area F4) circuit code space in a body-centered frame of reference and fire only when a reaching movement to the receptive field is to be executed and not when a saccade to that location is planned. Furthermore, these neurons have receptive fields that are restricted to peripersonal space (i.e., they are active only for stimuli or spatial locations that are reachable). The general (and neurophysiologically well-founded) assumption here is that the dorsal cortical pathway usually considered as responsible for spatial perception or "where" processing (Ungerleider & Mishkin, 1982 ) is instead best viewed as coding for action in space (i.e., not "where" but "how"; see Goodale & Milner, 1992) . Furthermore, different types of motor actions require unique spatiomotor submaps, a fact that may have implications for the mechanisms underlying IOR.
These two general explanations of spatial cuing and IOR effects continue to have their proponents and critics. One simple manipulation that may provide data relevant to distinguishing between them would be to examine the time course of spatial cuing and IOR effects for different response systems (e.g., eye movements vs. manual responses). The rationale for this strategy follows directly from the different assumptions of the standard model and premotor theory. Under the standard model of spatial attention, there is a single spatial representation that is accessed by a separate attention system. Regardless of whether the "inhibition" in IOR is a property of the spatial map or the attention system that accesses this map, it should not matter what the actual response to a stimulus is. If the task requires localization of the target, for example, it should not matter whether localization is accomplished via saccades to the target or by some type of manual response. Thus, the standard model would not predict any effect of response mode on the time course or magnitude of IOR.
On the other hand, according to premotor theory the act of attending to a point in space can be best understood as the consequence of activity within the various cortical maps used to represent space. Since the spatiomotor maps used to code for saccadic and manual responses are functionally separate, there is no reason to assume that they would operate in exactly the same way or with an identical time course. Thus, if premotor theory is correct, one might expect that the particular response (e.g., manual vs. saccadic) could affect the characteristics of the IOR obtained. If the magnitude or, in particular, the time course of IOR differs for saccadic and manual versions of the same task, this finding would be more easily accounted for by a premotor or response-based model of spatial attention.
A comparison of manual and saccadic response systems in an IOR paradigm with reflexive cues has yet to be extensively investigated. An early study by Maylor (1985) directly compared manual and saccadic responses following reflexive cues and reported that they did not give equivalent effects. Manual responses resulted in early facilitation and late inhibition (the usual IOR effect), whereas saccadic responses showed no early facilitation, but, at longer SOAs, there was enhanced inhibition (relative to that found for manual responses). Maylor's (1985) report is suggestive of a dissociation between IOR for manual and saccadic response systems. However, she never showed facilitation in the saccadic paradigm, hence raising the question of whether attention was first drawn to the cued location. Another study (Reuter-Lorenz, Jha, & Rosenquist, 1996) included a comparison of manual and saccadic responses as part of its investigation of IOR but used only long cue-target stimulus onset asynchronies (SOAs; 1,000 and 1,300 msec) and thus can shed no light on their relative time course. Parenthetically, Reuter-Lorenz et al. (1996) found no IOR differences between manual and saccadic responses. Finally, a study by Shimojo, Tanaka, Hikosaka, and Miyauchi (1996) also compared manual and saccadic responses in an IOR paradigm. These investigators varied the time interval between the response to one stimulus and the onset of the next stimulus (from 1,000 to 1,800 msec). They tested only a range of longer interstimulus intervals (ISIs), much longer than that used by Reuter-Lorenz et al. (1996) . Furthermore, it was unclear from their report what the relative magnitude of IOR was between the two response modes.
We propose that Maylor's (1985) analysis of manual versus saccadic IOR paradigms merited revisitation for a number of reasons. First and foremost, the premotor theory of visual attention (Rizzolatti et al., 1994) raises the possibility that rather fundamental differences might exist between manual and saccadic response systems in spatial orienting tasks, yet Maylor's study is the only one in the literature that investigated this issue. Besides this factor, two aspects of the procedures Maylor used suggest the need for further study: (1) the effects of the cuing procedure Maylor used needed to be examined in more detail, and (2) the range of cue-target SOAs she used to assess time course was limited. The present experiments were designed to make a more detailed comparison of both the magnitude and the time course of facilitation and IOR as it develops within manual and saccadic paradigms.
EXPERIMENT 1
Experiment 1 was a control experiment involving only saccadic responses. Maylor (1985) used a visual cue composed of two events, one of which was a brightening of a peripheral box for 100 msec, followed by the temporary brightening of a fixation point. This "cue-back" procedure may have caused the elimination of early facilitation for saccadic responses. It is reasonable to assume that the cuing procedure used is an important determinant of both the magnitude and the time course of development of facilitation and IOR. We thus directly compared a cue-back procedure with one wherein only a single peripheral visual cue was used.
Method
Subjects. Eighteen subjects were tested in a control experiment involving only saccadic responses. All subjects were undergraduates at Rutgers, Newark, received either partial course credit or monetary compensation for participating, and had normal or corrected vision.
Apparatus and Stimuli. Eye movements were recorded using an ISCAN RK-426 eye-tracking system, interfaced with an infrared sensitive camera. Spatial resolution was approximately 0.5º of visual angle; temporal resolution to detect saccades was set at 16 msec. The subject placed his/her head on a chinrest positioned 72 cm from a computer monitor used to display the stimuli. The stimulus display consisted of a gray fixation spot (0.2º ϫ 0.2º) on a black background, flanked by two gray boxes (1.0º ϫ 1.0º) positioned such that their centers were 4.8º to the left and right of fixation. The target stimulus was a green square measuring 0.6º ϫ 0.6º that appeared in the center of one of the two flanking boxes. Timing of stimuli durations and SOAs was accomplished by synchronizing stimulus displays with the refresh rate of the display monitor (Sony Trinitron Multiscan 17sf II). The monitor had a refresh rate of 75 Hz; thus, every time period used for display purposes was a multiple of 13.33 msec. The stimulus durations reported below are rounded to the nearest millisecond.
Procedure. Figure 1 shows examples of the stimulus display and the sequence of events for the cue-back and one-cue conditions. Each subject was tested in both conditions, given in separate blocks of 80 trials, or 20 trials each for the factorial combination of SOA (133 or 1,000 msec) and cue position (cued or uncued). The order of the two blocks was counterbalanced across subjects. Trial type was determined randomly within each block. A practice block of 16 trials was given to the subjects prior to each experimental block to familiarize them with the task and with the operation of the eyetracking system.
Cue-back. The subjects fixated the central fixation spot to initiate the trial sequence. If they successfully maintained fixation for 1,000 msec, the sequence of cue and target events was initiated. However, if their estimated point of gaze shifted more than 2.2º from the center of the fixation point, the trial was canceled and placed back in the pool of uncompleted trials.
After the fixation period expired, there was a 40-msec brightening of one of the two peripheral boxes, which acted as a cue. After an additional 27-msec period elapsed, the fixation point itself then brightened for 40 msec. The entire duration of the cue sequence, from initial brightening of the box to termination of the fixation brightening, was 107 msec. Following the cue, the fixation screen was displayed for either 26 or 893 msec before target onset, resulting in effective SOAs between the initial cue and the target of 133 and 1,000 msec. The subjects had to make a speeded saccade to the target following its appearance, and the target remained in view until the subjects had completed a saccade to one of the two boxes. Brightening of the cue displays was accomplished by switching the color of the box and fixation point from gray to white.
There were two types of trials, defined by what preceded target onset. On cued trials, the target was shown within the peripheral box that had brightened. On uncued trials, the target was shown within the box that had not brightened. The probability of the tar- get appearing within the brightened box was 50:50; hence, cues were unpredictive of target location. Saccade latency and accuracy were recorded using the signal provided by the eye tracker.
One-cue. The sequence of events is also shown in Figure 1 . It was essentially the same as that for the cue-back procedure, with the exception that the fixation spot did not brighten following the brightening of the peripheral cue. The SOAs between cue and target were again 133 and 1,000 msec.
Following target onset, saccade latency was calculated as the elapsed time until the subject first moved his/her eyes beyond 2.2º from the fixation spot. The end of the saccade was indicated when the subject's eyes were within 2.2º of the center of either of the peripheral boxes. Correct responses were saccades that terminated at the window located where the target appeared. Saccades that terminated in any other position on the screen were coded as errors. If a successful saccade was not made within 1,000 msec of target onset, a tone was sounded to indicate nonresponse, and that trial was replaced in the pool of unfinished trials to be completed later. The target remained in view until the saccade was completed.
Results
Trials with response times (RTs) longer than 700 msec or faster than 80 msec and trials in which blinks occurred were excluded from analysis (less than 1.0% of all trials). Each subject's mean correct RT for cued and uncued trials at the short (133-msec) and long (1,000-msec) SOAs was calculated separately for the cue-back and one-cue conditions (see Table 1 ). Error rates (saccades to nontarget locations) were similarly calculated.
RT. As can be seen in Table 1 , the one-cue condition showed the typical time course pattern of early facilitation followed by IOR at longer SOAs. However this was not the case for the cue-back condition, which showed only the later IOR effect. An analysis of variance (ANOVA) was executed, using the factors of cue format (cue-back or one-cue), cued-uncued, and SOA. The only significant main effect was that of cued-uncued [F(1,17) = 18.80, p Ͻ .001 (faster RTs on uncued trials)]. The SOA effect was marginal [F(1,17) = 3.95, p Ͻ .07 (faster RTs at the short SOA)]. All of the two-way interactions were significant or marginal [cue format ϫ SOA, F(1,17) = 4.71, p Ͻ .05 (an effect of SOA in the one-cue condition but not in the cue-back condition); cue format ϫ cued-uncued, F(1,17) = 10.59, p Ͻ .005 (larger cuing effect in the cueback condition); SOA ϫ cued-uncued, F(1,17) = 89.07, p Ͻ .0001 (facilitation at the short SOA and IOR at the long SOA)]. Finally, the three-way interaction between cue format, cued-uncued, and SOA was also significant [F(1,17) = 7.57, p Ͻ .02].
To clarify the nature of this higher order interaction, planned contrasts were used to assess the size of the cuing effect (uncued RT Ϫ cued RT) for all SOA and cue format combinations. In the one-cue condition, there was facilitation [27 msec; F(1,17 Errors. A similar analysis was conducted on percent error rates. There were only two significant effects. First, there was a main effect of SOA [F(1,17) = 21.25, p Ͻ .0002], with higher error rates at the short SOA (3.1% vs. 0.8%). Second, the interaction between SOA and cueduncued was significant [F(1,17) = 12.79, p Ͻ .003]. This interaction shows that, at the short SOA, error rates were lower at cued versus uncued locations (1.6% vs. 4.5%), whereas, at the long SOA, the trend went in the opposite direction (1.3% vs. 0.4%). The higher order interaction of cue format, cued-uncued, and SOA was not signifi-
Contrasts on the cuing effect for errors were also conducted (see Table 1 ). In the one-cue condition, there was facilitation at the short SOA [F(1,17) = 16.17, p Ͻ .001 (i.e., more errors on uncued trials)], whereas there was no cuing effect at the long SOA [F(1,17) = 1.37, p Ͼ .25]. In the cue-back condition, facilitation was marginally significant at the short SOA [F(1,17) = 3.86, p Ͻ .07], whereas there again was no cuing effect at the long SOA [F(1,17) Ͻ 1].
Discussion
The results of Experiment 1 confirm that the cuing paradigm (cue-back vs. one-cue) does affect the magnitude and the time course of facilitation and IOR. When a simple peripheral cue is used and no attempt is made to explicitly remove attention from the cued location, there is early facilitation at cued positions, which develops into IOR by an SOA of 1,000 msec. However, if attention is first drawn to and then immediately removed from a visual location, saccadic responses are no longer facilitated at an SOA of 133 msec after the appearance of the cue and are nonsignificantly inhibited. Although the early nonsignificant inhibition displayed in the cue-back condition is complicated by the fact that an opposite and significant effect occurred for errors (i.e., faster saccade latencies on uncued trials were associated with significantly higher error rates), it remains clear that removing attention from the cued position dramatically affects the typical pattern of significant facilitation at short cue-target SOAs. We believe that the failure to observe facilitation in the cue-back condition is because the cue-back procedure accelerates the onset of IOR. Hence, any lingering facilitatory effects of the cue are eliminated by the time the target appears 133 msec later. Given that we were interested in examining the time course of IOR under different response conditions, we used a cue-back procedure in the remaining experiments reported here because we believed it more precisely and reflexively controlled the movement of attention. Furthermore, the use of a cue-back procedure also allowed us to make a more direct comparison with the results originally reported by Maylor (1985) , since that is the procedure she employed.
EXPERIMENT 2
Having shown that the cue-back procedure can eliminate early facilitatory effects of peripheral cues on saccadic responses, the next step was to directly compare cuing effects in saccadic and manual versions of this task. Experiment 2 used the same procedures as in Experiment 1 except that either manual or saccadic localization responses were made.
Method
Subjects. Two groups of 23 subjects were tested. One group performed the IOR task using a manual response to indicate target position; another group performed the task using saccades to localize targets, as in Experiment 1.
Procedure. The procedure for the saccadic task was identical to that for the cue-back condition in Experiment 1. In the manual task, eye position was not monitored, and the subjects used a mouse to control the position of a cursor shown on the display screen. When the subjects wished to initiate a trial, they moved the cursor to the position of the fixation spot, and the sequence of stimulus events was identical to that for the saccadic condition. Instead of using point of gaze to determine when a saccade started and ended, the manual version of the IOR task kept track of where the cursor was positioned. For example, once a trial was initiated, the subject had to keep the cursor at the fixation spot for 1,000 msec before the stimulus sequence was allowed to proceed. The radius of the window around the fixation or target areas used to determine the start and end of manual responses was identical with that used in the saccadic version of the task (e.g., a manual response was assumed to have started as soon as the cursor moved 2.2º from the fixation point). Each subject was tested in a single block of 80 trials, preceded by a practice block of 16 trials.
Results
RT. Trimming of data (e.g., blinks, anticipations, and slow or fast responses) resulted in exclusion of only 2.9% of the data. As before, each subject's mean RT and percentage of erroneous responses from the remaining trials were calculated for each condition. The results (Figure 2 ) are plotted as difference scores (uncued RT Ϫ cued RT), with positive values indicating facilitation and negative values indicating the presence of IOR. Table 2 provides the statistics concerning the individual cuing effects.
As can be seen in Table 2 and Figure 2 , the manual and saccadic versions of this localization task showed a different time course for cuing effects. Manual responses were initially facilitated at cued positions and then were inhibited, whereas saccadic responses showed no early facilitation but did show later IOR. An ANOVA combining the factors of response (manual or saccadic), SOA, and cued-uncued was executed, and there were significant main effects of response [F(1,44) = 54.45, p Ͻ .0001 (449 Note-For all F values, df = (1,44). Planned contrasts revealed only one significant effect of cued-uncued; saccadic responses showed a facilitation effect at the short SOA (1.5%) [F(1,44) = 7.93, p Ͻ .01]. Note that this facilitation effect is in the opposite direction to the nonsignificant trend observed with RT.
Discussion
Our results suggest a stronger dissociation than that found by Maylor (1985) between manual and saccadic responses in an IOR paradigm. Manual responses showed early facilitation and late inhibition, whereas saccades, if anything, tended toward nonsignificant inhibition at the short SOA (as was the case in Experiment 1). However, the 5-msec inhibitory effect for saccadic responses at 133 msec may be offset by the 1.5% facilitatory effect shown in accuracy. Nevertheless, it is clear that, at an SOA of 133 msec, saccadic localization responses do not show the strong facilitation observed with manual localization responses.
EXPERIMENT 3
We have found results analogous to those reported by Maylor (1985) -specifically, a difference in cuing effects for saccadic and manual responses. This difference occurs in the short-SOA condition, with manual responses being facilitated and saccades (if anything) being inhibited. We believe that there is an initial facilitation following exogenous cues that develops into inhibition for both manual and saccadic responses but that this process is shifted in time for saccades relative to manual responses. Hence, our failure to observe early facilitation for saccadic responses in Experiment 2 (or the cue-back condition of Experiment 1) could be due to our failure to use SOAs shorter than 133 msec. If this is the case, one might expect that when a sufficiently broad range of SOAs is used, there should be early facilitation for both manual and saccadic responses. To test this hypothesis, in Experiment 3, we (1) attempted to demonstrate that facilitation of response does occur at short SOAs for saccades and (2) explored more fully the time course of IOR with manual versus saccadic responses.
Furthermore, to rule out the possibility that the dissociation between manual and saccadic responses observed in Experiment 2 was due merely to the fact that different groups of subjects were tested in the two conditions, we used a within-subjects design in Experiment 3.
Method
Subjects. Twenty undergraduates from Rutgers, Newark, participated and received partial course credit.
Procedure. Each subject was tested in four blocks of 120 trials each, two each for manual responses and for saccadic responses. The subjects completed the two saccadic blocks prior to the manual blocks, or vice versa: The order was counterbalanced between subjects. The procedure for each trial was essentially the same as that followed in Experiment 2, with the major change being that five different SOAs between cue and target were used (67, 94, 133, 200 , and 1,000 msec). Additionally, the boxes flanking the central fixation point were moved slightly farther out (5.8º). Each combination of cue position (cued-uncued) and SOA was represented by 24 trials. A practice block of 16 trials was completed before starting either the saccadic task or the manual task.
In order to reduce the minimal SOA available to 67 msec, the durations of the initial cue brightening was changed to 27 msec, the intercue ISI was 13 msec, and the fixation brightening was 27 msec. We used fixation-target ISIs of 0, 27, 67, 133, and 933 msec to provide the SOA range reported above (note change from the values indicated in Figure 1) .
The sampling rate of the ISCAN eye-tracking system was increased from 60 Hz to 180 Hz, resulting in the eye position being sampled approximately every 6 msec. The higher sampling rate made it possible to switch to a velocity-based criterion for detecting saccades. 2 During the 1,000-msec period prior to target onset, the subjects had to maintain fixation. If the subjects moved their eyes during this period such that eye movement velocity went above 100º/second or their eyes moved farther than 2.5º from fixation, it was assumed that they had made a saccade, and the trial was terminated and replaced in the pool of uncompleted trials.
After target onset, a saccade was assumed to have started when eye velocity exceeded 100º/second, and the end of the saccade was indicated when velocity fell below 12º/second. The terminal point of the saccade had to be within 4.4º of the target position to be scored as correct. The criteria were essentially the same for manual responses, with the exception that the velocity of the cursor controlled by the mouse was measured. The cutoff velocities for the start and end of manual responses were 24º/second and 12º/second, respectively.
Results
Trimming procedures (i.e., slow or fast responses, blinks, and anticipations) resulted in exclusion of 4.1% of the data. Difference scores (uncued RT Ϫ cued RT) for the manual and saccadic tasks across the five SOAs tested are shown in Figure 3 (see also Table 3 ).
RT. As can be seen in Figure 3 and Table 3 , the manual and saccadic versions of this task showed a differing time course. Both responses showed initial facilitation and later IOR. However, the transition point from facilitation to inhibition differed for the two responses, occurring earlier for saccadic responses. This pattern was confirmed by ANOVA and a series of planned contrasts.
All effects and interactions except for the highest order interaction were statistically significant in an ANOVA with response, SOA, and cued-uncued. Responses were much faster for saccades than for the mouse (289 vs. 369 msec) [F(1,19) This latter interaction showed that manual responses were facilitated by cues (13 msec), whereas saccadic responses showed no overall effect of cue (Ϫ1 msec). The interaction between cued-uncued and SOA [F(4,76) = 36.49, p Ͻ .001] showed that the cues facilitated responses at the three shortest SOAs (26, 26, and 5 msec) but inhibited responses at the two longer SOAs (Ϫ4 and Ϫ25 msec). The higher order interaction of response, cued-uncued, and SOA fell short of significance [F(4,76) = 1.84, p Ͼ .13].
The strength of the cuing effects for manual and saccadic responses was calculated separately for each of the five SOAs. The results are displayed in Table 3 and are indicated graphically in Figure 3 as well. The gist of these analyses was that manual responses were facilitated following cues at SOAs of 67 through 133 msec, with a nonsignificant trend toward facilitation at 200 msec and strong inhibition following cues with an SOA of 1,000 msec. For saccadic responses, facilitation was found only at the two shortest SOAs. There was a nonsignificant trend toward inhibition at the 133-msec SOA and significant inhibition at SOAs of 200 and 1,000 msec.
Planned contrasts were also used to compare the size of the cuing effects for manual and saccadic responses. At the shortest (67 msec Errors. As was the case with the RT analysis, there were a number of significant effects when errors were analyzed. SOA affected error rates (1.9%, 1.6%, 2.0%, 1.5%, and 0.4% for shortest to longest SOAs) [F(4,76) = 4.05, p Ͻ .005]. There were also more errors on uncued trials than on cued trials (2.5% vs. 0.5%) [F(1,19) = 21.68, p Ͻ .001]. The only interaction to reach significance was that between SOA and cued-uncued [F(4,76) = 3.40, p Ͻ .02]. Facilitation effects for errors tended to decrease with SOA, with the greatest facilitation at 67 msec (3.2%) and the smallest at 1,000 msec (0.5%). Finally, the interaction of response, cued-uncued, and SOA was not significant [F(4,76) 
The results of the planned contrasts on cuing effects for errors are shown in Table 3 , and the findings are basically in agreement with the corresponding RT data. For manual responses, cues resulted in significant facilitation at each of the four shortest SOAs. This is entirely compatible with the trend toward facilitated RT in these conditions.
For saccadic responses, there were only two significant cuing effects for errors. First, cues lead to facilitation at the 67-msec SOA (where RT was, of course, also facilitated). Similarly, a significant decrease in errors was observed following spatial cues at the 133-msec SOA, in contrast with the inhibition effect observed in this condition for RT (i.e., cued RT is slower).
Discussion
Whether one considers the RT or error data, it is clear that facilitation and IOR effects for manual and saccadic localization responses do not follow the same time course. In RT, manual responses were facilitated up to an SOA of 133 msec, and significant IOR did not develop until the longest SOA tested. For saccadic responses, there was facilitation only up to 94 msec, whereas IOR developed by 200 msec. Considering the error data, manual responses were facilitated up to 200 msec, whereas saccades show facilitation only up to 133 msec. It is also worth pointing out that the IOR effects observed with manual and saccadic responses are of comparable magnitude.
The major conclusions from Experiments 2 and 3 are threefold. First, as just pointed out, IOR develops more quickly for saccadic responses than for manual responses. Second, both manual and saccadic responses show facilitation at short SOAs. This conclusion differs from that reached by Maylor (1985) , who never succeeded in showing any early facilitation for her saccadic localization task. The third conclusion from Experiments 2 and 3, which also differs from that of Maylor, is that the amount of IOR obtained for saccadic and manual responses was equivalent. Maylor reported that saccadic responses resulted in a larger amount of IOR, but she tested only up to an SOA of 500 msec. Given the pattern observed in Experiment 3 (see Figure 3) , it would seem that her conclusion of greater IOR for saccadic responses may apply only to intermediate SOAs, where IOR for manual responses has not yet had time to reach a maximum.
EXPERIMENT 4
Experiment 4 involved only manual responses. In Maylor's (1985) study, the manual response involved keypress (left vs. right), which could be argued differs significantly from the less abstract spatial mapping involved in the "mouse" version of the manual task used here. We thus used a version of the manual localization task more comparable to the one Maylor carried out. In Experiment 4, subjects performed two versions of the manual target localization task (mouse and keypress). Our goal was to determine whether the difference between her results and the present findings was in part due to the nature of the manual response that we used.
Method
Subjects. Fourteen Rutgers, Newark, undergraduates participated in a single 20-min session and received partial course credit.
Procedure. Each subject was tested in two versions of the localization task (240 trials each), preceded by a 16-trial practice block. The "mouse" version of the localization task was identical to the manual task used in Experiment 3. In the "keys" version of this task, the subjects used the "1" and "2" keys on a computer keyboard to indicate whether the target was located in the left or right display position. The subjects responded with the preferred hand and pressed the space bar with the other hand to initiate each trial. A millisecond timer was used to measure response latency for this task.
Results
Elimination of fast and slow responses accounted for less than 1% of all trials.
RT. Cuing effects are shown in Figure 4 (see also Table 4 ). The overall pattern suggests that the two different manual responses (keypress vs. mouse) followed a similar time course in terms of cuing effects. In particular, the transition point from facilitatory to inhibitory effects appeared to occur at around the same cue-target SOA. An ANOVA with response, SOA, and cued-uncued was performed. All three main effects were significant. Mouse responses were faster than were keypress responses (386 vs. 468 msec) [F(1,13) = 19.50, p Ͻ .001]. SOA was also significant (437, 432, 426, 417, and sponses following cues at the four shortest SOAs, but there was inhibition at the longest SOA. The interaction of response, cue position, and SOA was not significant [F(1,13) = 1.51]. Table 4 shows the cuing effects for both modes of response, for each SOA. Also presented are the F and p values for the 10 contrasts tested. All of the cuing effects were significant, and the pattern is clear; for both mouse and keypress responses, there was facilitation for the four shortest SOAs, and there was IOR for the 1,000-msec SOA.
Errors. Analysis of the error rates revealed two significant main effects. The first effect was that of SOA [F(4,52) = 2.76, p Ͻ .04]. The second was that of cueduncued [F(1,13) = 12.93, p Ͻ .004], with more errors on uncued trials. There were also two significant interactions. The first was that between response type and SOA [F(4,52) = 3.15, p Ͻ .03] (mouse responses had the lowest error rate at the longest SOA, whereas keypress responses had the lowest error rate at the shortest SOA). Finally, the interaction of response type, SOA, and cued-uncued was significant [F(4,52) = 2.58, p Ͻ .05].
The planned contrasts on the error data (see Table 4 ) supported the prior interpretation of the RT data. In the comparisons where cued-uncued affected error rates, the direction of the effect was consistent with the analogous comparison using the RT data.
Discussion
Despite the fact that the two versions of the manual task likely involved different response requirements (and in fact differed substantially in overall latency), they both showed the same pattern of effects: Facilitation was obtained until at least an SOA of 200 msec. At this same SOA interval, however, saccadic responses were inhibited at cued locations (see Experiment 3). As expected, IOR was obtained for both types of manual responses at the 1,000 msec-SOA.
CONCLUSIONS
In the present experiments, we examined the time course of spatial attention effects in manual and saccadic response systems. There were three main findings. First, there was early facilitation of both saccadic and manual responses. While saccadic facilitation developed somewhat more slowly, it became statistically equivalent to manual facilitation by an SOA of 94 msec. Second, IOR was equivalent for the two responses. Finally, and most significantly, manual and saccadic responses differed in the time course over which the initial facilitation effect developed into IOR. Facilitation appeared to decline more quickly, and IOR appeared to develop sooner, for saccadic responses than for manual responses. We first consider each of these points in more detail and then discuss possible explanations for our results. 
Magnitude of Facilitation and IOR for Manual Versus Saccadic Responses
The literature contains only one study that directly addressed the relative time course of visual attention effects for manual and saccadic responses, that by Maylor (1985) . Maylor compared facilitation and inhibition in response to exogenous cues for manual and saccadic localization responses. She tested SOAs in the range of 100-500 msec and reported that (1) saccadic responses were not facilitated at the shortest SOA, whereas manual responses were, and (2) saccadic responses showed greater IOR at the 500-msec SOA. She interpreted the different pattern of manual and saccadic data to be due to some type of inhibitory mechanism that prevented reflexive eye movements to the peripheral cues. This could be conceived of as a monotonic increase in saccadic RT following cued trials, which shifts the cued RT function relative to uncued RTs. The net result of such an increase would be that, for saccadic responses, any decrease in facilitation following spatial cues at short SOAs would be matched by corresponding increases in IOR at longer SOAs, of approximately the same magnitude.
However, we report findings that are at odds with this interpretation. While saccades did show less facilitation at the shortest SOA tested (67 msec), this difference was eliminated by 94 msec. We also observed equivalent levels of IOR for the two responses at a 1,000-msec SOA. Thus, there is no evidence for any type of "monotonic delay" of saccadic responses following spatial cues. Instead, it appears that manual and saccadic localization responses show similar levels of facilitation and IOR if more extreme ranges of SOA are sampled. Put another way, saccadic and manual responses show similar patterns if performance is measured either (1) at the peak of facilitation before IOR has started to develop or (2) after IOR has had time to develop fully. The inhibitory effect on saccadic responses following exogenous cues postulated by Maylor (1985) might account for the decreased facilitation for saccades at 67 msec, but this would require that the inhibition last for only a very brief period (less than 100 msec).
Transition from Facilitation to IOR
The most important observation from our experiments concerns the rate of development of IOR. While both manual and saccadic responses develop similar levels of facilitation prior to IOR, the point at which facilitation starts to develop into IOR differs for the two response modes. For manual localization responses (both mouse and keypress), facilitation extends up to an SOA of at least 200 msec. Presumably, it also persists somewhat beyond this point, although our experiments cannot narrow down the precise transition point. However saccadic responses showed significant IOR by the same 200-msec SOA and a trend toward IOR sooner than this. Thus, there is a range of cue-target SOAs (roughly 133-200 msec or more) wherein saccadic localization responses are inhibited by spatial cues, whereas manual localization response to the same cues are facilitated.
Explanation of the Differing Time Course
The core finding of the present study is the fact that, at certain cue-target intervals, one can observe either facilitation or inhibition, depending on the nature of the response. We will consider five possible explanations that might be offered to account for the present findings.
1. Standard model. To a first approximation, the present data appear difficult to reconcile with the "standard model" described in the introduction. If we assume that the spatial attention system is separable from other "data processing" systems, then presumably the cognitiveneural systems responsible for stimulus evaluation and response selection act on information provided them by the spatial attention system (which obviously might itself involve numerous neural pathways). In a target localization task, spatial cues should facilitate encoding, detection, or evaluation of targets appearing at cued locations. This in turn should develop into IOR as the spatial map or representation coding the position of the spatial cue gets tagged to prevent attention from returning. However, there appears to be no simple or plausible mechanism within this framework that would allow for manual and saccadic localization responses to have different time courses, as was observed here.
2. Task difficulty. There is evidence in the literature that differences in the time course of spatial cuing and IOR effects can arise even when the same response modality is used (Lupiáñez, Milán, Tornay, Madrid, & Tudela, 1997 ; see also Terry, Valdes, & Neill, 1994) . Lupiáñez et al. compared the time course of cuing effects for detection and discrimination tasks and found that IOR developed sooner for detection than for discrimination. A possible reason for this finding could have been that the discrimination task was more attentionally demanding than the relatively easy detection task. Thus, it is possible that the more cognitively demanding a task is, the more persistent facilitation will be before developing into IOR.
We do not believe that this suggestion provides a reasonable explanation for the present findings. Both our manual and saccadic tasks required target localization, and these tasks were specifically chosen to reduce, if not eliminate, any differences in task difficulty between the two response modes. One might argue that simply looking at the target stimulus is less cognitively demanding than using a mouse to control a cursor on a display screen (albeit that they both should be less demanding than a task requiring discrimination between target stimuli). However, one might just as easily maintain that pressing left or right response keys should likewise be a more abstract and complex task than using the mouse. Yet, in Experiment 4, there was absolutely no evidence that IOR developed at different rates for the two manual responses. Indeed, a comparison of overall response latencies for the various tasks in Experiments 3 and 4 shows no rela-tionship between overall RT (a possible index of task difficulty) and the rate of development of IOR. Thus, while present evidence does not allow us to rule out some version of this explanation, we do not consider it a particularly attractive alternative.
3. Separate facilitatory and inhibitory components of cuing. One interesting possibility that cannot be ruled out based on the present data alone was proposed in an article by Tipper et al. (1997; see also Weaver, Lupiáñez, & Watson, 1998) . Tipper et al. (1997) suggested that an exogenous spatial cue leads to separate facilitatory and inhibitory effects, which each have a different time course. What is observed empirically as the onset of IOR is the result of the combined effect of a decaying facilitatory component and a slower rising but more persistent inhibitory component. Although the neural pathways responsible for these components were not directly specified, Tipper et al. (1997) reported evidence suggesting that facilitation was mediated by subcortical systems, whereas inhibition was mediated cortically.
Such a proposed framework might potentially be capable of accounting for the present results, provided that certain assumptions are allowed. Since IOR develops more quickly for saccadic responses than for manual responses, one possibility is that the facilitatory component decays more quickly or is less robust for saccades. This may explain the present results, since one would then expect the combined effects of facilitation and inhibition to cause net inhibition (i.e., IOR) at shorter cue-target SOAs. Indeed, the initial facilitation effect for saccades was smaller than that for manual responses (see Experiment 3). However, if the differing time course for the two responses were due merely to a lower baseline for a facilitation component of saccades, one would have expected that the cuing effect for saccades should have continued to decline after the 67-msec SOA, which did not occur. In fact, the difference in amount of facilitation for manual and saccadic responses was reduced and nonsignificant at the 94-msec SOA.
Alternatively, suppose that the inhibitory component has a faster rise time or is more pronounced for saccades. This too would lead to an earlier transition to IOR, even if baseline facilitation was equivalent for manual and saccadic responses. An increased inhibitory mechanism for saccades might act to offset any tendency for exogenous visual stimuli to reflexively attract orienting responses from the saccadic system. 3 The question of whether or not these dual processes exist, however, seems orthogonal to the issue at hand. That is, there seems to be nothing inconsistent with the basic tenets of premotor theory in suggesting that separate facilitatory and inhibitory attentional effects can be exerted on spatiomotor maps and, furthermore, that these effects can be different for manual and saccadic responses. Thus, the proposition that separate facilitatory and inhibitory processes occur following an exogenous cue should not be considered as ruling out some form of premotor theory (or response-based models in general) as explanations of IOR. These putative dual processes could be instantiated within either a response-based or attentionbased (standard model) explanation of IOR. 4 4. Modality-specific effects of fixation brightening. Could the differential time course for manual and saccadic responses be due to some modality-specific characteristic of the cue-back procedure? It has been shown that fixation neurons in the superior colliculus, which have foveal receptive fields, will inhibit eye movements following stimulation (Munoz & Wurtz, 1995) . Thus, the cue-back procedure, where the fixation point brightens prior to target onset, might have inadvertently affected saccadic performance, leaving manual responses unaffected. The differential time course would thus have occurred because saccades were (at least for the shorter SOAs) inhibited relative to manual responses.
However, a systematic slowing of saccade latencies should affect both cued and uncued trials. Hence, such an explanation would have no effect on cuing effects (which represent RT differences) and could not account for the attentional differences between saccades and manual responses reported here.
5. Premotor theory. Premotor theory maintains that there is no need to postulate an anatomically separate spatial attention system; the physiological maps that are involved in spatial attention are also involved in sensory processing and response preparation and/or execution. As previously stated, this approach assumes that the act of attending to a spatial location is nothing more or less than the act of preparing to execute some type of response to that location. Given these assumptions, three facts about the neural representation of space take on great significance. First is the observation that there is no single cortical map used to represent space but rather that there are many such maps. Second, the cortical areas used to represent space code not only for specific sensory events but also for specific motor responses as well. Finally, these various maps differ in the type of response they code for. Thus, a given neuron may be active when a saccade is to be made to a stimulus location, whereas another may fire only when a reaching or grasping response is required.
Although not specifically predicting such, premotor theory clearly allows for the possibility that different spatiomotor maps will have different properties regarding attentional effects. The typical reaching response is a much more complicated behavior than is an eye movement (Robinson, 1981) . Hence, such differences are likely to be represented in the organization or even the number of their respective spatiomotor maps. Whether these differences will result in differences in their attentional effects remains an empirical question. For our purposes, the primary question was whether putative differences in these maps could lead to differences in the magnitude and/or time course of facilitation or IOR effects for manual and saccadic localization responses. On the basis of the results from the present experiments, it would appear that the time courses do differ; both manual and saccadic localization responses are initially facilitated by roughly the same amount, but IOR develops more quickly for saccades than for manual responses. Indeed, at some range of cue-target SOAs, the spatiomotor map coding for eye movements is inhibited, whereas the spatiomotor map coding for manual responses is facilitated.
There are now a number of reports indicating that IOR can be observed in discrimination tasks (Cheal, Chastain, & Lyon, 1998; Lupiáñez & Solano, 1997; Pratt, 1995; Pratt et al., 1997) . Some would argue that the observation of IOR effects in discrimination tasks casts doubt on response-based explanations of IOR (but see Taylor & Klein, 1998 , for counterarguments). However, recent reports of both shape and object selectivity in eyemovement and hand-movement spatial maps in parietal cortex (Sereno & Maunsell, 1998, and Murata, Gallese, Kaseda, & Sakata, 1996, respectively) would suggest that premotor theory may also be able to account for such IOR effects in discrimination tasks, as well as object-based IOR. In any event, the present data suggest that any model of IOR will need to account for response-based effects such as those reported here.
